Introduction
============

Long-term hyperglycemia, which causes diabetic nephropathy (DN), is a frequent and principal cause of death and morbidity among patients with diabetes ([@b1-etm-0-0-8999]). DN is one of the most common diabetic complications that often occurs in patients with type 1 and 2 diabetes ([@b2-etm-0-0-8999]), and is also major risk factor for chronic kidney diseases ([@b3-etm-0-0-8999]). Moreover, patients with DN are highly likely to develop end-stage renal disease, which ultimately requires renal replacement ([@b4-etm-0-0-8999]); therefore, the current treatments, such as intensive blood pressure regulation focused on blockage of the renin-angiotensin system, and the regulation of hyperglycaemia, dyslipidaemia and albuminuria, are not effective ([@b5-etm-0-0-8999]).

Previous studies have demonstrated that factors, such as mesangial extracellular matrix deposition, thickening of the basement membrane, glomerular pericytes, and decreased numbers of podocytes and microvascular alterations, are closely related to renal dysfunction in DN ([@b6-etm-0-0-8999]). Terminally differentiated podocytes are specialized glomerular visceral endothelial cells that exert critical effects on the formation of the glomerular filtration barrier and inhibition of urinary protein loss ([@b10-etm-0-0-8999]). Damages to the glomerular filtration barrier increase the glomerular filtration rate and albuminuria ([@b11-etm-0-0-8999]). Podocytes damage contribute to proteinuria and the development of glomerulosclerosis ([@b11-etm-0-0-8999]). Collectively, the aforementioned findings suggested that protecting against podocyte injury may serve as a potential therapeutic strategy for DN progression. In addition, podocyte injury includes loss of podocytes in the glomerulus ([@b12-etm-0-0-8999]), which is attributed to hyperglycemia-induced apoptosis, and directly leads to proteinuria and glomerular sclerosis ([@b13-etm-0-0-8999]). Therefore, the potential therapeutic application of mitigating podocyte apoptosis for the progression of DN requires further investigation.

Lycopene (Lyc), a nutraceutical, is a natural pigment that is rich in tomatoes and other plants ([@b14-etm-0-0-8999]). Lyc not only displays remarkable active oxygen scavenging abilities and antioxidation activities against quenching singlet oxygen and lipid peroxidation, but also displays anticancer, anti-inflammatory and antiapoptotic effects ([@b15-etm-0-0-8999]). Moreover, Li *et al* ([@b18-etm-0-0-8999]) demonstrated that Lyc can improve DN progression in diabetic model rats, and Ni *et al* ([@b19-etm-0-0-8999]) reported that Lyc can enhance autophagy and attenuate apoptosis to protect against high glucose (HG)-induced podocyte injury.

Although the effects of Lyc on podocyte injury and apoptosis have attracted increasing attention, the exact mechanism underlying how Lyc exerts its protective effect on HG-induced podocyte apoptosis is not completely understood. Therefore, the present study explored the protective effect of Lyc on HG-induced MPC5 podocyte apoptosis and the underlying mechanism.

Materials and method
====================

### Cell culture

Conditionally immortalized mouse podocytes (MPC5) were purchased from American Tissue Culture Collection. MPC5 podocytes were cultured and induced for cell proliferation and differentiation as previously described ([@b20-etm-0-0-8999]). MPC5 podocytes were cultured in RPMI 1640 medium (Beijing Solarbio Science & Technology Co., Ltd.) containing 10% FBS (Sigma-Aldrich; Merck KGaA) and 10 U/ml recombinant mouse interferon-γ (IFNγ; Peprotech, Inc.) at 33˚C with 5% CO~2~ and 95% relative humidity.

To stimulate cell differentiation, MPC5 podocytes were subcultured in RPMI-1640 containing 10% FBS without mouse IFNγ for 10-14 days at 37˚C with 5% CO~2~ to reach 80-90% confluence. Prepared MPC5 podocytes were used for subsequent experiments.

### Cell viability assay

The viability of differentiated MPC5 podocytes was determined using an MTT assay (Sigma-Aldrich; Merck KGaA), according to the manufacturer\'s protocol. MPC5 podocytes were seeded (1x10^4^ cells/well) into 96-well plates and incubated with RPMI-1640 supplemented with 10% FBS for 24 h at 37˚C. As previously described ([@b21-etm-0-0-8999]), MPC5 podocytes were divided into seven groups: i) Normal group (NG; 5.5 mM glucose); ii) hypertonic group \[HP; 5.5 mM glucose and 19.5 mM mannitol (Sigma-Aldrich; Merck KGaA)\]; iii) HG (25 mM glucose); iv) HG and low-concentration Lyc treatment group \[HG + L-Lyc; 25 mM glucose + 3.125 mM Lyc (Sigma-Aldrich; Merck KGaA)\]; v) HG and high-concentration Lyc treatment group (HG + H-Lyc; 25 mM glucose + 12.5 mM Lyc); vi) low-concentration Lyc treatment group (L-Lyc; 3.125 mM Lyc); and vii) high-concentration Lyc treatment group (H-Lyc; 12.5 mM Lyc). All groups were treated at 37˚C for 48 h. Subsequently, 20 µl MTT solution (5 mM) was added to each well and incubated for another 4 h at 37˚C. The absorbance of each well was measured at a wavelength of 570 nm using a microplate reader. The cell viability in individual groups of cells was calculated as the optical density (OD) value of experiments/the OD values of control cells.

### Western blotting

MPC5 podocyte protein expression was assessed via western blotting as previously described ([@b11-etm-0-0-8999]). Briefly, MPC5 podocytes were washed twice with PBS. Subsequently, total protein was extracted from MPC5 podocytes using RIPA buffer (Thermo Fisher Scientific, Inc.) with a complete protease inhibitor cocktail (Roche Diagnostics GmbH) on ice for 30 min. Subsequently, the supernatants were collected by centrifugation at 12,000 x g for 10 min at 4˚C and total protein was quantified using the BCA protein assay kit (Beijing Solarbio Science & Technology Co., Ltd.).

Subsequently, protein (30 µg/lane) was separated via 12% SDS-PAGE and transferred onto PVDF membranes (EMD Millipore), which were then blocked with 5% non-fat milk in TBST (0.1% Tween-20) for 1 h at room temperature. The membranes were incubated at 4˚C overnight with the following primary antibodies: Anti-nephrin (rabbit; 1:400; cat. no. ab58968; Abcam), anti-podocin (rabbit; 1:1,300; cat. no. ab50339; Abcam), anti-Bcl-2 (rabbit; 1:1,000; cat. no. ab59348; Abcam), anti-Bax (rabbit; 1:1,000; cat. no. ab32503; Abcam), anti-cleaved (C) caspase-3 (rabbit; 1:500; cat. no. ab2302; Abcam), anti-phosphorylated (p)-PI3K (rabbit; 1:1,000; cat. no. 4228; Cell Signaling Technology, Inc.), anti-PI3K (rabbit; 1:1,000; cat. no. 4292; Cell Signaling Technology, Inc.), anti-p-AKT (rabbit; 1:1,000; cat. no. 9271; Cell Signaling Technology, Inc.), anti-AKT (rabbit; 1:1,000; cat. no. 9272; Cell Signaling Technology, Inc.), anti-Beclin-1 (rabbit; 1:200; cat. no. ab62557; Abcam), anti-microtubule associated protein 1 light chain 3 (LC3)I (rabbit; 1:1,000; cat. no. 12741; Cell Signaling Technology, Inc.), anti-LC3II (rabbit; 1:1,000; cat. no. 12741; Cell Signaling Technology, Inc.) and anti-GAPDH (rabbit; 1:10,000; cat. no. ab181602; Abcam). Following primary incubation, the membranes were incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:2,000; cat. no. ab205718; Abcam) at room temperature for 2 h. Subsequently, the membranes were washed three times with TBST \[50 mM Tris-HCl (pH 8.0); 150 mM NaCl; 0.05% Tween-20\] for 10 min. Protein bands were visualized using an ECL detection kit (Promega Corporation). Protein expression levels were quantified using ImageJ software (version 1.8.0; National Institute of Health) with GAPDH as the loading control.

### Flow cytometry analysis

MPC5 podocytes (1x10^5^ cells/well) were cultured in 24-well plates and FBS-starved for 24 h at 37˚C. To investigate the effects of Lyc on HG-induced MPC5 podocyte injury, cells were then divided into five groups: i) NG; ii) HG; iii) HG + L-Lyc; iv) HG + H-Lyc; and v) H-Lyc. Podocytes were treated with the aforementioned treatment for 48 h at 37˚C. MPC5 podocytes (1x10^5^ cells/well) were cultured in 24-well plates and FBS-starved for 24 h at 37˚C. To investigate the effects of Lyc on HG-induced MPC5 podocyte injury, and the PI3K/AKT pathway, cells were divided into five groups: i) NG; ii) HG; iii) HG + H-Lyc; iv) HG + LY; and v) HG + H-Lyc + LY. Podocytes were treated with the normal glucose, high glucose, high glucose with H-Lyc, high glucose with the PI3K inhibitor 20 µM LY (cat. no. S1105; Selleck Chemicals) or 20 µM LY for 48 h at 37˚C, respectively. MPC5 podocytes (1x10^5^ cells/well) were cultured in 24-well plates and FBS-starved for 24 h at 37˚C. To investigate whether Lyc has an effect on HG-induced MPC5 podocyte injury through autophagy, the cells were divided into five groups: i) NG; ii) HG; iii) HG + H-Lyc; iv) HG + 3-MA; and v) HG + H-Lyc + 3-MA. MPC5 podocytes in the HG + 3-MA and HG + H-Lyc + 3-MA groups were pretreated with 5 mM 3-MA (cat. no. M9281; Sigma-Aldrich; Merck KGaA), an inhibitor of autophagy initiation, for 2 h at 37˚C, then treated with high glucose or H-Lyc additively for 48 h at 37˚C. The cells of NG, HG and HG + H-Lyc groups were treated with normal glucose, high glucose and high glucose + H-Lyc for 48 h at 37˚C, respectively. Subsequently, treated MPC5 podocytes were collected in PBS and stained using the Annexin V-FITC Apoptosis Detection kit (cat. no. CA1020; Beijing Solarbio Science & Technology Co., Ltd.). After washing, MPC5 podocyte apoptosis was determined by flow cytometry using the Accuri™ C6 flow cytometer (BD Biosciences) and Cell Quest software (version 3.3; BD Biosciences). The apoptotic rate was calculated as follows: Apoptotic rate=early + late apoptosis.

### Statistical analysis

Data are presented as the mean ± SD. Comparisons among multiple groups were conducted using one-way ANOVA followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference. Statistical analyses were performed using SPSS software (version 17.0; SPSS, Inc.). All experiments were performed in triplicate.

Results
=======

### Lyc mitigates HG-induced MPC5 podocyte injury

Cell viability was not significantly different between the NG and HP groups, which indicated that HP had a limited effect on MPC5 podocyte viability ([Fig. 1A](#f1-etm-0-0-8999){ref-type="fig"}; P\>0.05). However, cell viability in the HG group was significantly reduced compared with the NG group ([Fig. 1A](#f1-etm-0-0-8999){ref-type="fig"}; P\<0.01). Compared with the HG group, cell viability in the HG + L-Lyc group was not significantly increased ([Fig. 1A](#f1-etm-0-0-8999){ref-type="fig"}; P\>0.05), whereas cell viability was significantly increased in the HG + H-Lyc group ([Fig. 1A](#f1-etm-0-0-8999){ref-type="fig"}; P\<0.01), which indicated that Lyc may increase MPC5 podocyte viability under HG conditions.

Compared with the NG group, the relative protein expression levels of nephrin and podocin were significantly reduced in the HG group ([Fig. 1B](#f1-etm-0-0-8999){ref-type="fig"} and [C](#f1-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively); however, L-Lyc or H-Lyc significantly reversed HG-mediated effects on nephrin and podocin expression ([Fig. 1B](#f1-etm-0-0-8999){ref-type="fig"} and [C](#f1-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively).

### Lyc attenuates HG-induced MPC5 podocyte apoptosis

The effect of HG and Lyc on MPC5 podocyte apoptosis was assessed by flow cytometry ([Fig. 2A](#f2-etm-0-0-8999){ref-type="fig"} and [B](#f1-etm-0-0-8999){ref-type="fig"}). The HG group displayed a significantly increased rate of apoptosis compared with the NG group (P\<0.01), which was significantly reduced by the addition of L-Lyc or H-Lyc ([Fig. 2A](#f2-etm-0-0-8999){ref-type="fig"} and [B](#f2-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively). Subsequently, the expression levels of apoptosis-related proteins (Bcl-2, Bax and C caspase-3) in the different groups were measured. Compared with the NG group, the protein expression levels of Bax and C caspase-3 were significantly increased ([Fig. 2C](#f2-etm-0-0-8999){ref-type="fig"} and [D](#f2-etm-0-0-8999){ref-type="fig"}; P\<0.01), whereas the protein expression levels of Bcl-2 were significantly decreased in the HG group ([Fig. 2C](#f2-etm-0-0-8999){ref-type="fig"} and [D](#f2-etm-0-0-8999){ref-type="fig"}; P\<0.01). However, the presence of L-Lyc or H-Lyc significantly reversed HG-mediated effects on the expression of apoptosis-related proteins ([Fig. 2C](#f2-etm-0-0-8999){ref-type="fig"} and [D](#f2-etm-0-0-8999){ref-type="fig"}; all P\<0.05).

### Lyc attenuates HG-induced MPC5 podocyte apoptosis via activation of the PI3K/AKT signaling pathway

In order to investigate the mechanism underlying Lyc-mediated inhibition of HG-induced MPC5 podocyte apoptosis, the expression levels of PI3K/AKT signaling pathway-related proteins were measured via western blotting. Compared with the NG group, the protein expression levels of p-PI3K and p-AKT were significantly downregulated in the HG group ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01). By contrast, compared with the HG group, the protein expression levels of p-PI3K and p-AKT were significantly upregulated in the HG + H-Lyc group ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01), but significantly downregulated in the HG + LY group ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively). Moreover, compared with the HG + H-Lyc group, the expression levels of p-PI3K and p-AKT were significantly downregulated in the HG + H-Lyc + LY group ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01). In addition, HG-mediated downregulation of p-PI3K and p-AKT expression levels was enhanced by LY, with the HG + LY group displaying significantly decreased p-PI3K and p-AKT expression levels compared with the HG group ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively). However, under HG conditions, Lyc increased the expression levels of p-PI3K and p-AKT in MPC5 podocytes but LY inhibited Lyc-mediated upregulation ([Fig. 3A-D](#f3-etm-0-0-8999){ref-type="fig"}).

Flow cytometry analysis indicated that the HG group displayed significantly increased rates of MPC5 podocyte apoptosis compared with those in the NG group, whereas the HG + H-Lyc + LY group displayed a significantly reduced rate of MPC5 podocyte apoptosis compared with that in the HG + LY group ([Fig. 3E](#f3-etm-0-0-8999){ref-type="fig"} and [F](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01). HG + H-Lyc + LY group exhibited significantly increased rates of MPC5 podocyte apoptosis compared with those in the HG + H-Lyc group ([Fig. 3E](#f3-etm-0-0-8999){ref-type="fig"} and [F](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.05). In addition the expression levels of nephrin and podocin were significantly reduced in the HG group compared with the NG group. Compared with those in the HG group, the expression levels of nephrin and podocin were significantly increased in the HG + H-Lyc group ([Fig. 3G](#f3-etm-0-0-8999){ref-type="fig"} and [H](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01), but were significantly reduced in the HG + LY group compared with HG group ([Fig. 3G](#f3-etm-0-0-8999){ref-type="fig"} and [H](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.05, respectively). However, the HG + H-Lyc + LY group displayed significantly increased nephrin and podocin expression levels compared with the HG + LY group ([Fig. 3G](#f3-etm-0-0-8999){ref-type="fig"} and [H](#f3-etm-0-0-8999){ref-type="fig"}; P\<0.01).

### Lyc mitigates HG-induced MPC5 podocyte apoptosis by promoting autophagy

The expression levels of autophagy-related proteins were measured via western blotting. The protein expression levels of LC3II/LC3I and Beclin-1 were significantly upregulated in the HG group compared with the NG group ([Fig. 4A-C](#f4-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively). Compared with the HG group, the protein expression levels of LC3II/LC3I and Beclin-1 were significantly increased in the HG + H-Lyc group (P\<0.01), but significantly decreased in the HG + LY group (P\<0.05). Moreover, the effects of LY on Beclin-1 and LC3II/LC3I expression levels were significantly inhibited in the presence of Lyc under HG conditions ([Fig. 4A-C](#f4-etm-0-0-8999){ref-type="fig"}; P\<0.05 and P\<0.01, respectively).

Autophagy is associated with cell apoptosis ([@b22-etm-0-0-8999]), so whether 3-methyladenine (3-MA), an autophagy inhibitor, altered the protective effect of Lyc on HG-induced MPC5 podocyte apoptosis was investigated. The HG + 3-MA group displayed significantly increased rates of MPC5 podocyte apoptosis compared with the HG group ([Fig. 4D](#f4-etm-0-0-8999){ref-type="fig"} and [E](#f4-etm-0-0-8999){ref-type="fig"}; P\<0.05). Pretreament with 3-MA inhibited the protective effect of Lyc on HG-induced MPC5 podocyte apoptosis ([Fig. 4D](#f4-etm-0-0-8999){ref-type="fig"} and [E](#f4-etm-0-0-8999){ref-type="fig"}; P\<0.01). In addition, compared with the HG group, the protein expression levels of LC3II/LC3I and Beclin-1 were significantly increased in the HG + H-Lyc group, but significantly reduced in the HG + 3-MA group ([Fig. 5A-C](#f5-etm-0-0-8999){ref-type="fig"}; P\<0.01). Moreover, 3-MA partially reversed H-Lyc-mediated effects on autophagy-related protein expression under HG conditions ([Fig. 5A-C](#f5-etm-0-0-8999){ref-type="fig"}; P\<0.01). Furthermore, compared with the HG group, the HG + H-Lyc group displayed significantly increased podocin and nephrin expression levels (P\<0.01), whereas the HG + 3-MA group displayed significantly decreased expression levels of podocin and nephrin ([Fig. 5D-E](#f5-etm-0-0-8999){ref-type="fig"}; P\<0.01). In addition, 3-MA weakened H-Lyc-induced podocin and nephrin expression ([Fig. 5D-E](#f5-etm-0-0-8999){ref-type="fig"}; P\<0.01).

Therefore, the results suggested that HG and Lyc significantly enhanced MPC5 podocyte autophagy, which may be crucial for the protective effects of Lyc against HG-induced MPC5 podocyte apoptosis.

Discussion
==========

The function of a podocyte depends on the cytoskeleton and certain marker proteins of podocytes, such as nephrin and podocin ([@b23-etm-0-0-8999]). Nephrin and podocin proteins function as glomerular filtration barriers, and their expression affects the permeability of the glomerular matrix membrane, which in turn affects kidney function ([@b24-etm-0-0-8999],[@b25-etm-0-0-8999]). Abnormal expression of nephrin and podocin is a marker of podocyte injury ([@b26-etm-0-0-8999]). Consistent with previous study ([@b21-etm-0-0-8999]), the present study demonstrated that Lyc significantly reversed the inhibitory effects of HG on cell viability, and nephrin and podocin expression in podocytes.

Podocyte loss is one of the most important pathological alterations that occurs in DN ([@b27-etm-0-0-8999]). As a key event during DN progression, HG-induced apoptosis is often accompanied by podocyte loss, which is an early feature of DN and is highly predictive of the disease progression ([@b28-etm-0-0-8999]). Apoptosis-defined programmed cell death is also caused by external killers in certain circumstances ([@b31-etm-0-0-8999]). For example, irradiation or drugs used for cancer chemotherapy results in DNA damage in some cells, which can lead to apoptotic death ([@b32-etm-0-0-8999]). In the present study, the results indicated that HG promoted MPC5 podocyte apoptosis, and Lyc mitigated MPC5 podocyte apoptosis under HG conditions. Apoptosis can be regulated via the PI3K/AKT signaling pathways ([@b33-etm-0-0-8999]) and PI3K/AKT can be activated by a number of different cellular stimuli or toxic insults ([@b34-etm-0-0-8999],[@b35-etm-0-0-8999]). Previous studies have reported that Lyc can regulate PI3K/AKT signaling pathways in prostate cancer and human mesenchymal stem cells ([@b36-etm-0-0-8999],[@b37-etm-0-0-8999]). To further explore the mechanism underlying the effects of Lyc on HG-induced MPC5 podocyte apoptosis, a PI3K inhibitor was used. Lyc activated the PI3K/AKT signaling pathway, which inhibited HG-mediated MPC5 podocyte apoptosis. Similarly, a previous study reported that Lyc reduced tert-Butyl hydroperoxide-induced cell apoptosis, which is possibly related to activation of the PI3K/AKT signaling pathway ([@b38-etm-0-0-8999]). However, Chan *et al* ([@b39-etm-0-0-8999]) reported that Lyc can inhibit the PI3K/AKT signaling pathway during platelet-derived growth factor-BB-induced retinal pigment epithelial cell migration. In addition, the results of the present study suggested that Lyc treatment had no significant effect on cell viability or the expression of nephrin and podocin in MPC5 podocytes compared with the NG and HG groups; however, under HG conditions, Lyc treatment promoted MPC5 podocyte cell viability, and nephrin and podocin protein expression. Li *et al* ([@b40-etm-0-0-8999]) reported that Lyc treatment had no significant effect on ameloblast apoptosis, whereas Lyc attenuated fluoride-induced ameloblasts apoptosis. Collectively, the aforementioned findings indicated that Lyc may serve a role under certain pathological conditions.

As the inhibition of autophagy is highly associated with triggering cell apoptosis, and both apoptosis and autophagy are involved in cell growth, differentiation, and death ([@b41-etm-0-0-8999]), whether autophagy regulated the protective effect of Lyc on HG-induced MPC5 podocyte apoptosis was investigated. Autophagy is a natural process related to numerous human diseases, which can protect the human body from cell injury and death ([@b42-etm-0-0-8999]). Therefore, autophagic activity of podocytes serves a protective role in renal injury and could delay the progression of podocytopathies ([@b43-etm-0-0-8999]). Cell apoptosis and autophagy are complex regulatory processes that involve a number of upstream regulatory signaling pathways, including the PI3K/AKT signaling pathway ([@b44-etm-0-0-8999]). A previous study demonstrated that enhancing autophagy protects against palmitic acid-mediated podocyte apoptosis ([@b45-etm-0-0-8999]), and progranulin alleviates HG-induced human podocyte injury by regulating CAMKK/AMPK-mediated autophagy ([@b46-etm-0-0-8999]). Therefore, promoting autophagy could attenuate HG-induced podocyte apoptosis ([@b47-etm-0-0-8999]). Moreover, resveratrol protected against podocyte apoptosis by activating autophagy in DN model mice ([@b48-etm-0-0-8999]). Consistently, another study reported that Lyc protected against apoptosis by increasing autophagy in hypoxia/reoxygenation-induced H9C2 myocardioblast cells ([@b49-etm-0-0-8999]). However, Kobayashi *et al* ([@b50-etm-0-0-8999]) reported that suppression of autophagy exerted protective effects against HG-mediated cardiomyocyte injury. In the present study, the results also indicated that the HG group displayed increased apoptosis compared with the NG group, and promotion of autophagy promotes apoptosis, which is a stress phenomenon ([@b51-etm-0-0-8999]).

In the present study, 3-MA, an autophagy inhibitor, was used to explore the mechanism underlying the effect of Lyc on autophagy. The results indicated that promoting autophagy by Lyc attenuated HG-mediated MPC5 podocyte apoptosis, which was associated with activation of the PI3K/AKT signaling pathway. It has been reported that Lyc relieved HG-mediated podocyte injury by promoting MPC5 podocyte autophagy, which may involve the PI3K/AKT signaling pathway ([@b21-etm-0-0-8999]). Similarly, a previous study reported that notoginsenoside R1 attenuated glucose-mediated podocyte injury by reducing apoptosis and promoting autophagy via activation of the PI3K/AKT/mTOR signaling pathway ([@b11-etm-0-0-8999]). However, in colorectal cancer cells, autophagy and apoptosis were promoted by Grape seed procyanidin B2 via regulation of the PI3K/AKT signaling pathway ([@b44-etm-0-0-8999]).

In conclusion, the present study indicated that Lyc protected against HG-induced MPC5 podocyte injury and attenuated HG-induced MPC5 podocyte apoptosis by promoting autophagy via activation of the PI3K/AKT signaling pathway. The present study demonstrated a potential mechanism underlying the therapeutic effect of Lyc on DN, which may serve as a potential therapeutic target for DN progression.
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![Lyc protects against HG-induced MPC5 podocyte injury. MPC5 podocytes were divided into the following groups: i) NG (5.5 mM glucose); ii) HP (5.5 mM glucose + 19.5 mM mannitol); iii) HG (25 mM glucose); iv) HG + L-Lyc (25 mM glucose + 3.125 mM Lyc); v) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); vi) L-Lyc (3.125 mM Lyc); and vii) H-Lyc (12.5 mM Lyc). (A) Effect of Lyc on MPC5 podocyte cell viability. Nephrin and podocin protein expression levels were (B) determined by western blotting and (C) semi-quantified. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. HG; ^\$\$^P\<0.01 vs. L-Lyc; ^∆^P\<0.05 and ^∆∆^P\<0.01 vs. H-Lyc. Lyc, lycopene; NG, normal glucose; HP, hypertonic; HG, high glucose; L-Lyc, low-concentration lycopene; H-Lyc, high-concentration lycopene; OD, optical density.](etm-20-03-2870-g00){#f1-etm-0-0-8999}

![Lyc protects against HG-induced MPC5 podocyte apoptosis. MPC5 podocytes were divided into the following groups: i) NG (5.5 mM glucose); ii) HG (25 mM glucose); iii) HG + L-Lyc (25 mM glucose + 3.125 mM Lyc); iv) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); and v) H-Lyc (12.5 mM Lyc). The rate of MPC5 podocyte apoptosis was (A) determined by flow cytometry and (B) quantified. The protein expression levels of antiapoptotic (Bcl-2) and proapoptotic (Bax and C caspase-3) proteins were (C) determined by western blotting and (D) semi-quantified. ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. HG; ^∆^P\<0.05 and ^∆∆^P\<0.01 vs. H-Lyc. Lyc, lycopene; NG, normal glucose; HG, high glucose; L-Lyc, low-concentration lycopene; H-Lyc, high-concentration lycopene; C caspase-3, cleaved caspase-3; PI, propidium iodide.](etm-20-03-2870-g01){#f2-etm-0-0-8999}

![Lyc enhances PI3K/AKT activation and inhibits HG-induced MPC5 podocyte apoptosis. MPC5 podocytes were divided into the following groups: i) NG (5.5 mM glucose); ii) HG (25 mM glucose); iii) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); iv) HG + LY (25 mM glucose + 20 µM LY); and v) HG + H-Lyc + LY (25 mM glucose + 12.5 mM Lyc + 20 µM LY). Protein expression levels of p-PI3K, PI3K, p-AKT and AKT were (A) determined by western blotting and (B) quantified. The ratios of (C) p-PI3K/PI3K and (D) p-AKT/AKT. The rate of apoptosis was (E) determined by flow cytometry and (F) quantified. Protein expression levels of nephrin and podocin were (G) determined by western blotting and (H) quantified. ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. HG; ^\^^P\<0.05 and ^\^\^^P\<0.01 vs. HG + H-Lyc; ^†^P\<0.05 and ^††^P\<0.01 vs. HG + LY. Lyc, lycopene; NG, normal glucose; HG, high glucose; H-Lyc, high-concentration lycopene; LY, LY294002; p, phosphorylated; PI, propidium iodide.](etm-20-03-2870-g02){#f3-etm-0-0-8999}

![Lyc inhibits HG-induced MPC5 podocyte apoptosis by promoting autophagy via the PI3K/AKT signaling pathway. MPC5 podocytes were divided into the following groups: i) NG (5.5 mM glucose); ii) HG (25 mM glucose); iii) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); iv) HG + LY (25 mM glucose + 20 µM LY); and v) HG + H-Lyc + LY (25 mM glucose + 12.5 mM Lyc + 20 µM LY). Protein expression levels of Beclin-1, LC3I and LC3II were (A) determined by western blotting and (B) quantified. (C) The ratio of LC3II/LC3I. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. HG; ^\^^P\<0.05 and ^\^\^^P\<0.01 vs. HG + H-Lyc; ^†^P\<0.05 and ^††^P\<0.01 vs. HG + LY. MPC5 podocytes were divided into the following groups: i) NG (5.5 mM glucose); ii) HG (25 mM glucose); iii) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); iv) HG + 3-MA (25 mM glucose + 5 mM 3-MA); and v) HG + H-Lyc + 3-MA (25 mM glucose + 12.5 mM Lyc + 5 mM 3-MA). (D) The rate of apoptosis was determined by flow cytometry. (E) Representative scatter plots. ^\*\*^P\<0.01 vs. NG; ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. HG; ^\^\^^P\<0.01 vs. HG + H-Lyc; ^††^P\<0.01 vs. HG + 3-MA. Lyc, lycopene; NG, normal glucose; HG, high glucose; H-Lyc, high-concentration lycopene; LY, LY294002; LC3, microtubule associated protein 1 light chain 3; 3-MA, 3-methyladenine; PI, propidium iodide.](etm-20-03-2870-g03){#f4-etm-0-0-8999}

![Lyc promotes the expression of nephrin, podocin and autophagy-related proteins in MPC5 podocytes. MPC5 podocytes were divided into the following groups: i) HG (25 mM glucose); ii) HG + H-Lyc (25 mM glucose + 12.5 mM Lyc); iii) HG + 3-MA (25 mM glucose + 5 mM 3-MA); and HG + H-Lyc + 3-MA (25 mM glucose + 12.5 mM Lyc + 5 mM 3-MA). Protein expression levels of Beclin-1, LC3II and LC3I were (A) determined by western blotting and (B) semi-quantified. (C) The ratio of LC3BII/LC3BI. Protein expression levels of nephrin and podocin were (D) determined by western blotting and (E) semi-quantified. ^\#\#^P\<0.01 vs. HG; ^\^\^^P\<0.01 vs. HG + H-Lyc; ^&^P\<0.05 and ^&&^P\<0.01 vs. HG + 3-MA. Lyc, lycopene; HG, high glucose; H-Lyc, high-concentration lycopene; 3-MA, 3-methyladenine; LC3, microtubule associated protein 1 light chain 3.](etm-20-03-2870-g04){#f5-etm-0-0-8999}
